A simple high performance liquid chromatography (HPLC) method was developed and validated for the determination of six phenolic compounds, five anthraquinones (rhein, aloe-emodin, emodin, chrysophanol and physcion) and a flavonoid (kaempferol), in root extracts from Cassia alata L. Solid-phase extraction, using C 18 cartridges, was used to remove interfering substances from the root extracts. The extracts were analyzed on a C 18 column using an isocratic mobile phase which consisted of acetonitrile, methanol, and 10 mM aqueous ammonium acetate (25:55:20, v/v). Identification of the analytes was performed by use of standards and on-line mass spectrometric detection using atmospheric pressure chemical ionization. The concentration of the phenolic compounds in the root extracts was determined using HPLC with ultraviolet detection at 260 nm. The limits of detection obtained for the anlytes were in the range of 0.23-4.61 ppm. The overall R.S.D. precision values (intra-and inter-day) for the retention times and peak-areas were lower than 0.16 and 2.10%, respectively. In addition, the recovery of the developed method for the analysis of these phenolic compounds was determined, and ranged from 81.2 ± 4.3 to 106 ± 2%.
Introduction
Ringworm cassia or golden candle (Cassia alata Linn, Leguminosae), a wild-growing shrub often cultivated as an ornamental plant, is indigenous to South America, but now widely distributed in the tropics [1] [2] [3] [4] [5] . This worldwide important herbal medicine has been recognized for centuries in traditional medicine for its role as a laxative as well as in the treatment of a variety of skin and respiratory diseases [1, 2, [5] [6] [7] . In Suriname, root extracts from C. alata are used for the treatment of uterus disorders [1] . Pharmacological investigations performed so far on C. alata have shown that this herb has several biological activ-ities, such as antimicrobial [8, 9] , antifungal [2, 10, 11] , purgative [4] , anti-inflammatory [11, 12] , analgesic [1, 11, 13] , antitumor [14] , and hypoglycemic [11] activities.
C. alata is one of the most important species of the genus Cassia which is rich in anthraquinones and polyphenols [13, 15] . The leaves of C. alata have been qualitatively analyzed for the presence of primarily five pharmacologically active anthraquinones: rhein, aloe-emodin, chrysophanol, emodin, and physcion [16] , as well as the flavonoid kaempferol [17] . Rhein and chrysophanol are known to be present in the roots [2] , in addition to two other quinone pigments [18] . These anthraquinone derivatives are well known to exhibit a variety of biological activities [19] , such as antimicrobial [2] , antifungal [20] , antitumor [21] , antioxidant [22] , cytotoxic [23] , and hypoglycemic [24] activities. The flavonoid kaempferol has been reported to have anticancer properties [25, 26] . It is clear that there is a correlation between the ethno-pharmacological properties ascribed to this herbal medicine and the biological activities of these phenolic compounds. Therefore, it is of great importance to determine the amount of these bioactive constituents in C. alata. However, to our knowledge there are no reports in the literature on the determination of these phenolic compounds in the roots of C. alata. This leads to the necessity of developing an analytical method for the simultaneous analysis and identification of these bioactive compounds in the roots of C. alata.
Previously, C. alata extracts were analyzed for the presence of kaempferol-3-O-gentiobioside in various parts of the plant (leaves, flowers, rachis, stem and seed) using high performance liquid chromatography (HPLC) [27] . Several analytical methods such as thin-layer chromatography [28] , micellar electrokinetic capillary chromatography [29] , capillary zone electrophoresis [30] , capillary electrophoresis-mass spectrometry (CE-MS) [31] , gas chromatography [32] , and gas chromatography-mass spectrometry (GC-MS) [33] have been used for the determination of anthraquinones in various medicinal plants and natural products. In addition, analytical methods involving the use of HPLC [32] [33] [34] [35] [36] and liquid chromatography-mass spectrometry (LC-MS) [37] [38] [39] [40] have also been used for anthraquinone analysis in several natural products.
Although CE, GC, and HPLC methods can afford sufficient sensitivity for the analysis of anthraquinones in natural products, they all lack accurate peak identification in comparison with CE-MS, GC-MS, and LC-MS methods. Generally, the use of LC-MS is advantageous over the use of CE-MS and GC-MS because it affords high separation efficiency and accurate identification of analytes over a wide range of molecular structures, chemical reactivities, polarities, and volatilities. Hence, separation of analytes as well as mass identification and confirmation of analytes can be achieved simultaneously in one experimental run using LC-MS. For example, LC-MS using electrospray ionization (ESI) [37, 38] and atmospheric pressure chemical ionization (APCI) [39, 40] has been used for accurate identification of anthraquinones in plant extracts. In comparison with APCI-MS detection, the use of ESI-MS detection for anthraquinone identification is less effective, because the latter requires mobile phase additives other than the buffer to enhance analyte ionization [37, 38] . Moreover, aside from eluent additives, the efficiency of the mass detection of anthraquinones using an ESI interface depends on the pK a value of the analyte [38] .
The aim of this study was to develop an HPLC-UV detection method for quantitative analysis of rhein (1), kaempferol (2), aloe-emodin (3), emodin (4), chrysophanol (5) , and physcion (6) in root extracts of C. alata. The structures of these analytes are shown in Fig. 1 . The root extracts were purified by use of solidphase extraction and separation of the phenolic compounds was performed by use of reversed-phase HPLC using isocratic elution. In addition, on-line mass spectrometric detection using an APCI probe in the negative ionization mode was used to confirm the presence of these phenolics in the root extract. To the best of our knowledge, this study represents the first investigation of the simultaneous analysis and identification of these six phenolic compounds in root extracts of C. alata using LC-UV-APCI-MS. 
Experimental

Chemicals and materials
Rhein, kaempferol, aloe-emodin, emodin, and chrysophanol standards were purchased from Sigma-Aldrich (St. Louis, MO, USA), while the physcion standard was purchased from Micro Source Discovery System (Gaylordsville, CT, USA). Ammonium acetate (NH 4 Ac) buffer was purchased from Fluka (Amsterdam, the Netherlands). HPLC grade acetonitrile, ethanol, methanol, water, and Whatman no. 1 filter paper were obtained from Fisher Scientific (Houston, TX, USA). Doubly distilled deionized water, used throughout the study, was obtained by use of an Elga Genetic Ultra-Pure water polishing system from US Filter (Lowell, MA, USA). Maxi-clean RP solid-phase extraction (SPE) C 18 cartridges and 0.45 m filters were purchased from Altech (Deerfield, IL, USA). C. alata root samples were collected by the Center of Agricultural Research in Suriname, and identified at the National Herbarium of the University of Suriname, Paramaribo, Suriname (Reference number: Jansen Jacobs 5027).
Preparation of standard solutions
Standard stock solutions of compounds 2-6 were prepared in ethanol at a concentration of 0.5 mg/mL, while rhein (1) was prepared at 0.25 mg/mL. Standard mixture solutions were prepared in ethanol at various concentration levels in the range of 5-250 ppm. All solutions were filtered prior to analysis through a 0.45 m syringe filter and injected four times into the HPLC. The calibration curve for each compound was constructed by plotting the peak area as a function of the standard analyte concentration.
Sample preparation
The C. alata root samples were oven dried at 40 • C for 5 days. The dried roots were ground by use of a Wiley Mill grinder (Standard Model No. 3) to particle sizes of 6 mm or smaller. Ten grams of ground roots were extracted with 100 mL ethanol on an orbital shaker for 12 h at room temperature. The extraction procedure was repeated two times, after which the two extracts were combined and filtered using Whatman no. 1 filter paper. The extraction solvent was removed by use of rotary evaporation and the residue was reconstituted in 10 mL ethanol and diluted with water (1:1, v/v).
Solid-phase extraction (SPE) was used to remove unwanted interfering phytochemicals from the root extract. The SPE procedure was performed on an Altech extraction manifold system. SPE C 18 cartridges (4 mL; 600 mg) were first conditioned with 4 mL methanol, followed with 4 mL water. Following the conditioning step, 4 mL of the diluted root extract was loaded onto the cartridge. After sample loading, the interfering compounds were removed with 2 mL of 10% aqueous ethanol. Finally, the fraction containing compounds 1-6 were eluted with 2 mL of hot ethanol (60 • C). The vacuum pressure was kept at 10 mmHg during the pre-conditioning step and was held constant at 2 mmHg during the loading and eluting steps. Four replicate SPE extracts were collected. Each eluate was diluted to 5 mL with ethanol. The diluted SPE root extract, the eluate, was then filtered through a 0.45 m syringe filter and injected into the HPLC. Each diluted SPE root extract was injected into the HPLC five times, and the average peak area was reported and used for analyte quantification.
HPLC analysis
Separation and quantitative analyses of compounds 1-6 were performed on a Shimadzu HPLC system (Kyoto, Japan) consisting of an SCL-10A system controller, two LC-10AD pumps, a DGU-14A degasser, a SIL-10AD auto injector and an SPD-10AV UV-VIS detector (λ = 260 nm). Separation of the analytes was performed at 40 • C on a Phenomenex Luna C 18 (2) column, 100Å pore size, 5 m particle size, 250 × 4.6 mm i.d. column containing a guard column (Phenomenex, Torrance, CA, USA). The analytes were eluted isocratically at a flow rate of 0.4 mL/min using an acetonitrile/methanol/buffer (25:55:20, v/v) , where the buffer is 10 mM ammonium acetate (NH 4 Ac) at pH 6.8. The injection volume was 10 L.
LC-APCI-MS analysis
Analyte identification was performed by use of a Shimadzu LCMS-2010 system (Kyoto, Japan). Operating conditions for the HPLC were as described in the previous section. The mass spectrometer used for the identification of the analytes consists of a Q-array-octapole-quadrupole mass analyzer with an APCI interface used in the negative ionization mode and coupled to the Phenomenex Luna C 18 (2) column described above. The APCI probe was operated at a temperature of 400 • C, while the CDL and block temperatures were operated at 200 • C. The detector voltage was 1.5 kV and the probe was operated in the negative ionization mode with a voltage of −4.0 kV. The nebulizing gas was nitrogen at a flow rate of 2.5 L/min. The optimum operating conditions for the LC-APCI-MS were determined for the separation and identification of compounds 1-6 in the scan mode with minimum fragmentation of the analytes. The scan rate of the mass analyzer was at 1 s/scan within the mass range of m/z 100-1000.
Method validation
Precision (reproducibility) of the method was obtained by calculating the relative standard deviation (R.S.D.) from repeated injections of the standard mixture solutions at 15, 45, and 75 ppm for all analytes, except for kaempferol (2) that was determined at 30, 90, and 150 ppm. The intra-day precision was determined by six replicate injections, while the inter-day precision was determined by six injections for 6 days, for both the retention times and peak-areas [41] .
A recovery study was performed to validate the accuracy of the developed method. Hence, root samples (10 g) were spiked with standard stock solutions of the analytes in triplicate at two different concentrations. The spiked root samples were extracted with 100 mL ethanol following the procedure for sample preparation as described in Section 2.3. Finally, the spiked samples were analyzed using the same experimental and instrumental conditions as previously described for the analysis of the unspiked roots. The recovery was determined by comparing the amount of analyte added to the root sample and the amount of analyte detected during HPLC analysis [42] .
Results and discussion
HPLC optimization
Several preliminary studies were conducted to develop an HPLC method for the separation of compounds 1-6 in the C. alata root extract. The LC separation conditions of the analytes were optimized by systematically adjusting the methanol and acetonitrile content in the mobile phase with the addition of different buffers, such as trifluoroacetic acid, formic acid, and ammonium acetate to obtain better resolution of the phenolic compounds. The retention times of the analytes decreased with an increase in the amount of methanol in the eluent. This observation was in agreement with a previous report by Ding et al. [35] . An increase in the amount of acetonitrile in the eluent also resulted in a decrease in retention time of compounds 1-6. The addition of 10 mM NH 4 Ac buffer to the mobile phase resulted in the best peak resolution of compounds 1-6. Addition of NH 4 Ac buffer to the mobile phase not only improved the resolution, but also resulted in complete deprotonation of compounds 1-6
The pH of the mobile phase was also optimized to obtain better resolution of compounds 1-6. Separation at pH 4.8 using NH 4 Ac buffer resulted in co-elution of rhein (1) and kaempferol (2) . Therefore, resolution of only compounds 3-6 could be obtained. At pH 8.8 (adjusted with NH 4 OH) compounds 1-3 co-eluted. Complete separation of compounds 1-6 were only achieved at pH 6.8 using NH 4 Ac buffer. The flow rate of the eluent was also optimized at 0.4 mL/min for best resolution and MS detection. The use of flow rates greater than 0.4 mL/min resulted in overloading of the mass spectrometer detector.
Optimal separation of the analytes was obtained within 45 min for standard mixtures as well as the C. alata root extract by use of an isocratic mobile phase of ACN/MeOH/NH 4 Ac buffer at pH 6.8 (25:55:20, v/v) . We optimized the retention times of the analytes using a gradient elution system containing ACN/MeOH/NH 4 Ac buffer at pH 6.8 (25:55:20, v/v) for solvent A and ACN/MeOH/NH 4 Ac buffer at pH 6.8 (25:65:10, v/v) for solvent B, allowing successful separation of all analytes within 30.0 min. However, we did not use the gradient elution system for quantification of the analytes because it was not reproducible.
The phenolic compounds 1-6 were identified in the C. alata root extract by spiking the extracts with the respective standards. Prior to this procedure, all standards were run separately to determine the retention time of each analyte. The chromatographic separation of compounds 1-6 is shown in Fig. 2A for the standard mixture at 30 ppm as an example, and in Fig. 2B for the root extract (without spiking). In addition to the analyte peaks obtained in Fig. 2B , an unidentified first eluting peak (at 6.83 min) was also observed. We have isolated this unknown using flash column chromatography, followed by purification using preparative HPLC. However, after performing spectroscopic studies (UV, IR, MS, and NMR), we concluded that this unknown peak is an impurity composed of a mixture of compounds. No further analysis of this peak was attempted.
LC-MS analysis
Simultaneous separation and identification of phenolic compounds 1-6 in the C. alata root extracts were performed by use of LC-APCI-MS detection. Identification of the peaks was achieved by comparison of the retention times, UV spectra, as well as MS data of the separated compounds with the respective standards. The total ion chromatograms (TIC) of analytes 1-6 in the standard mixture and root extract were recorded in the scan mode, and are shown in Fig. 3A and B, respectively. As seen in Fig. 3B , the peak intensities for aloe-emodin (3) and physcion (6) are very low, as a result of their low concentration ('vide infra') in the root extract as determined by HPLC in this study.
The mass spectra of the phenolic compounds 1-6 in the root extract are presented in Fig. 4 
Calibration curves
In this study, as well as in previous reports [38, 39] , the analysis of anthraquinones using on-line mass spectrometric detection was found to be less sensitive than on-line UV detection. Therefore, HPLC-UV was chosen for the determination of compounds 1-6. The investigated compounds in the root extract were quantified by integration of the peak-areas at 260 nm using an external calibration method.
Calibration curves were constructed for each analyte by using a series of standard mixture solutions. Least-squares linear regression was used to determine the calibration parameters for each of the six standards. A summary of the calibration studies for the six analytes is presented in Table 1 . The linearity of all calibration curves was determined by calculating the correlation coefficients, which varied from 0.9971 for kaempferol to 0.9999 for emodin and physcion.
The limit of detection (LOD), defined as the lowest detectable concentration of an analyte, was calculated using the formula LOD = (b + 3σ b )/a, where a is the slope of the calibration curve; b is the intercept; and σ b is the standard deviation associated with the intercept. The LOD for the analytes were in the range of 0.23-4.61 ppm. In addition, the limit of quantification (LOQ), defined as the lowest measurable analyte concentration was determined according to the formula LOQ = (b + 10σ b )/a, where all parameters are as defined for the LOD. The LOQ is reported in Table 1 as the lower limit from the linear range.
Method validation and quantification
The method was validated by determining the intra-and interday precision. The relative standard deviation (R.S.D.) values for the retention times and peak-areas for the intra-day precision were 0.07-0.15 and 0.27-1.63% (n = 6), respectively. The R.S.D. values obtained for the inter-day precision study for the retention times and peak-areas were 0.07-0.16% and 0.39-2.10 (n = 6), respectively ( Table 2) .
In order to determine the accuracy of the method, the mean recovery of the phenolic compounds 1-6 was calculated at two concentration levels as reported in Table 3 for each analyte. The overall mean recovery ranged between 81.2 ± 4.3% for aloeemodin and 106 ± 2% for emodin (n = 3). 
The relationship between peak area and analyte concentration is expressed as linear regression lines (y = ax + b), where y is the peak area measured by UV detector, x is the concentration (ppm) of the analytes, and a and b are the respective slope and intercept of the calibration curve. The correlation coefficient is r. The concentration of each investigated compound in the root extract was determined by substituting its peak area for y in the equation listed in Table 1 . The concentrations of compounds 1-6 detected in the root extract are given in Table 3 . Among the six analytes determined in the root extracts, the concentrations of rhein (68.4 ± 1.6 ppm) and kaempferol (122 ± 7 ppm) were found to be highest.
Conclusions
A simple and reliable LC-UV-APCI-MS method has been developed for the simultaneous analysis and identification of six pharmacologically active compounds in root extracts of C. alata. The extracts were purified by SPE and separated on a C 18 -HPLC column using isocratic elution. The investigated phenolic compounds in the root extract were identified by their UV spectra and MS data. The compounds were ionized using an APCI interface and their molecular masses as well as their fragmentation patterns were determined. Finally, HPLC-UV was used to determine the amount of these phenolic compounds in the root extract.
This valuable information concerning the concentration of these pharmacologically active compounds in the root extract of C. alata could aid in determining their active component(s), which can be of great importance for pharmaceutical industry. However, further studies involving complete characterization and bioassay analysis of these phenolic compounds in the root extract of C. alata are necessary. There is ongoing research in this direction in our laboratory which will be reported in a future manuscript.
